summary answer: The Gen II AMH assay displayed appreciable variability, which can be explained by sample instability. what is known already: AMH is the primary predictor of ovarian performance and is used to tailor gonadatrophin dosage in cycles of IVF/ICSI and in other routine clinical settings. Thus, a robust, reproducible and sensitive method for AMH analysis is of paramount importance. The Beckman Coulter Gen II ELISA for AMH was introduced to replace earlier DSL and Immunotech assays. The performance of the Gen II assay has not previously been studied in a clinical setting. study design, size and duration: We studied an unselected group of 5007 women referred for fertility problems between 1 September 2008 and 25 October 2011; AMH was measured initially using the DSL AMH ELISA and subsequently using the Gen II assay. AMH values in the two assays were compared using a regression model in log(AMH) with a quadratic adjustment for age. Additionally, women (n ¼ 330) in whom AMH had been determined in different samples using both the DSL and Gen II assays (paired samples) identified and the difference in AMH levels between the DSL and Gen II assays was estimated using the age-adjusted regression analysis. A subset of 313 women had repeated AMH determinations (n ¼ 646 samples) using the DSL assay and 87 women had repeated AMH determinations using the Gen II assay (n ¼ 177 samples) were identified. A mixed effects model in log(AMH) was utilized to estimate the sample-to-sample (within-subject) coefficients of variation of AMH, adjusting for age. Laboratory experiments including sample stability at room temperature, linearity of dilution and storage conditions used anonymized samples.
Introduction
AMH in women is secreted by the granulosa cells of pre-antral and small antral follicles (Vigier et al., 1984; Themmen, 2005) and circulating levels reflect the ovarian pool from which follicles can be recruited (Durlinger et al., 2002; Loh and Maheshwari, 2011) . The measurement of AMH has become of paramount significance in clinical practice in IVF units to assign candidates to the most suitable controlled ovarian hyperstimulation protocol and its level is used to predict poor or excessive ovarian response (Nelson et al., 2007; Nardo et al., 2009; Yates et al., 2011) . It is also of increasing importance in (i) the prediction of live birth rate in IVF cycles ; (ii) the screening/diagnosis of polycystic ovarian syndrome (Cook et al., 2002) ; (iii) the follow-up of women with a history of granulosa cell tumours (Lane et al., 1999) ; (iv) the prediction of the age of onset of infertility due to the menopause (van Disseldorp et al., 2008; Broer et al., 2011) and finally (v) the assessment of the long-term effect of chemotherapy on fertility (Anderson, 2011) .
Following the development of the first laboratory AMH assay in 1990 (Hudson et al., 1990; Lee et al., 1996) first generation, commercially available immunoassays were introduced by Diagnostic Systems Ltd (DSL) and Immunotech Ltd (IOT). These assays used different antibodies and standards and the resulting AMH concentrations obtained using the IOT assay were found to be higher than those produced using the DSL assay by most, but not all, authors (Freour et al., 2007; Taieb et al., 2008; Lee et al., 2011) . The AMH Gen II Assay (Beckman Coulter Ltd) replaced both of these assays, using the DSL Gen I antibody with the IOT standards. AMH values obtained using this kit were predicted to correlate with, but be higher than, those using the old DSL kit (Kumar et al., 2010; Nelson and La Marca, 2011) . This was confirmed with the AMH Gen II assay giving values 40% higher than the DSL assay. The recommended conversion factor of 1.4 (AMH Gen II ¼ DSL × 1.4) was also applied to the DSL reference ranges but this recommendation does not appear to have been independently validated.
It is generally accepted that serum AMH concentrations are highly reproducible within and across several menstrual cycles and therefore a single blood sampling for AMH measurement has been accepted as routine practice (Hehenkamp et al., 2006; La Marca et al., 2006; Tsepelidis et al., 2007) . However, we recently challenged this view and reported significant sample-to-sample variation in AMH levels using the DSL assay in women who had repeated measurements; 28% difference between samples taken from the same patient with a median time between sampling of 2.6 months and taking no account of menstrual cycle . Although we could not explain the cause of this variability, we speculated that it might be due to true biological variation in secretion of AMH or due to postsampling and pre-analytical instability of the specimen.
Given the widespread adoption of AMH in Clinical Units, it is critical that the sources of variability in any AMH assay are understood and quantified. This paper presents the results of clinical and laboratory studies on routine clinical samples using the new AMH Gen II assay, specifically comparing assay values with the older DSL assay, assessing between sample variability and investigating analytical and preanalytical factors affecting AMH measurement.
Methods

Study population
Samples were obtained from women of 20 -46 years of age attending for investigation of infertility requiring AMH assessment at the secondary (Gynaecology Department) and tertiary (Reproductive Medicine Department) care divisions of St Mary's Hospital, Manchester from 1 September 2008 to 25 October 2011. Samples which were lipaemic or haemolysed and samples not frozen within 2 h of venepuncture were excluded from the study. Anonymized samples from this pool of patients were used for stability studies after routine AMH measurements had been completed. The full data set comprised AMH results on 5868 samples from 5007 women meeting the inclusion criteria. Additionally, we identified 330 women in whom AMH had been determined using the DSL assay in one sample and the Gen II assay in another.
Sample processing
Collection and handling of all AMH samples were conducted according to the standards set out by the manufacturers and did not vary between the different assays. Serum samples were transported immediately to the Department of Clinical Biochemistry, based in the same hospital, and separated within 2 h of venepuncture using the Modular Pre-Analytics Evo (Roche Diagnostics, Burgess Hill, West Sussex, UK). Samples were frozen in aliquots at 2208C until analysis, normally within 1 week of receipt. The laboratory participates in the pilot National external quality assessment scheme (UKNEQAS) for AMH in Edinburgh and performance has been satisfactory.
AMH analysis
All AMH assays were carried out strictly according to the protocols provided by the manufacturer and sample collection and storage also conformed to these recommendations. All AMH samples were analysed in duplicate and the mean of the two replicates was reported as the final result.
(i) The DSL AMH assay: The enzymatically amplified two-site immunoassay (DSL, Active MIS/AMH ELISA; Diagnostic Systems Laboratories, Webster, TX, USA) was used for the measurement of AMH prior to 17 November 2010. The working range of the assay was up to 100 pmol/l with a minimum detection limit of 0.63 pmol/l. The intra-assay coefficient of variation (CV) (n ¼ 16) was 3.9% (at 10 pmol/l) and 2.9% (at 56 pmol/l). The inter-assay CV (n ¼ 60) was 4.7% (at 10 pmol/l) and 4.9% (at 56 pmol/l). (ii) The Beckman Coulter Gen II assay: After 17 November 2010, AMH was measured using the enzymatically amplified two-site immunoassay (AMH Gen II ELISA, Beckman Coulter, Inc., Brea, CA, USA). The working range of the assay is up to 150 pmol/l with a minimum detection limit of 0.57 pmol/l. The intra-assay CV (n ¼ 16) is 2.92% (at 18 pmol/l) and 2.03% (at 60 pmol/l). The inter-assay CV (n ¼ 28) is 3.57% (at 18 pmol/l) and 3.64% (at 60 pmol/l).
Sample stability studies (i) Stability of AMH in serum at room temperature (RT): serum samples (n ¼ 48) were allowed to thaw and then left at RT for 1 week. At 0, 1, 2, 4 and 7 days, 100 ml aliquots were removed and immediately stored at 2808C in 2 ml screw-capped polypropylene tubes (Alpha Laboratories, Eastleigh, UK). Two freeze/thaw cycles had no effect on AMH concentration (results not shown). Samples from individual subjects were analysed for AMH on the same Gen II microtitre plate to eliminate inter-assay variability. Results were expressed as a percentage of the Day 0 value. (ii) Linearity of dilution: 100 ml fresh serum (n ¼ 9) was added to 100 ml AMH Gen II sample diluent, incubated for 30 min at RT and the mixture analysed using the standard Gen II assay procedure. (iii) Comparison between the standard assay method and an equivalent procedure: in the standard Gen II ELISA assay method, the first steps involve the addition of calibrators, controls or serum samples to microtitration wells coated with anti-AMH antibody; assay buffer is then added to each well. As a comparison, serum and assay buffer were mixed in a separate tube, incubated for 10 min at RT and then added in exactly the same volume and proportions to the microtitre plate. Thereafter, the assay was performed using the standard protocol. (iv) Stability of AMH during storage: fresh serum samples (n ¼ 8) analysed on the day of reception were compared with aliquots from the same samples that had been frozen for 5 days either in polystyrene tubes at 2208C or polypropylene tubes at 2808C
Statistical analysis
Data analysis was performed using the Stata 12 statistics package (StataCorp, TX, USA). Data management and analysis of clinical data were conducted by one of the researchers (O.R.) and verified independently by another member of the research team (S.R.) using different statistical software (R statistical environment). Approval for the use of the data was obtained from the Local Research Ethics Committee (UK-NHS 10/ H1015/22). The age-related relationship of the DSL and Gen II assays to AMH was visualized using scatter plots and quadratic fit on a logarithmic scale . The age-adjusted regression analysis of paired samples was used to estimate the difference in AMH levels between the DSL and Gen II assays. A mixed effects model in log(AMH) was utilized to estimate the sample-to-sample (within-subject) coefficients of variation of AMH levels in women who had repeated measurements, within a 1-year period from the patient's first AMH sample, adjusting for age as above. In the sample stability studies, percentage changes are expressed as mean + SEM. In the stability of AMH in serum at RT study, a paired t-test determined the level of significance between baseline and subsequent days.
Results
Population studies and variability Table I summarizes the results of AMH determinations in our population of women attending the IVF Clinic prior to the 17 November 2010 (using the DSL assay) and after that date (using the Gen II assay). A second analysis compares AMH levels in women who had AMH measured using the DSL assay for one sample and the Gen II for another. Results were consistent with lower serum levels of AMH observed when samples were analysed using the Gen II assay compared with that using the DSL assay. Figure 1 shows the correlation of AMH with age for the unselected groups. After adjustment for age, the total cohorts showed Gen II giving AMH values of 34% lower than those for DSL. Analysis restricted to patients with AMH determinations using both assays gave an age-adjusted difference of 21%.
AMH concentration
AMH variability
During the study period, 313 women had repeated AMH determinations (n ¼ 646 samples) using the DSL assay with 295 patients having two samples, 17 three samples and 1 five samples. The median time between samples was 5.1 months. Eighty-seven women had repeated AMH determinations using the Gen II assay (n ¼ 177 samples) with 84 women having two samples and 3 having three samples. The median interval between repeat samples was 3.2 months. Both assays exhibit high sample-to-sample variability (CV); this was 32% in the DSL assay group (our previous finding, Rustamov et al., 2011 , in a smaller group was 28%); variability in the Gen II assay group was much higher (59%).
Sample stability studies AMH: poor reproducibility and sample instability compared with baseline, the increase at Day 7 being 158.4 + 7.6% (Fig. 2) . (ii) Linearity of dilution: in a group of nine anonymized samples, proportionality with 2-fold sample dilution did not hold and, on average, there was a 57.4 + 12.3% increase in the apparent AMH concentration on dilution, compared with neat sample (see Table II ). Two samples which gave the highest increases were diluted further. It was apparent that, after the anomalous doubling of AMH concentration on initial two-fold dilution, subsequent dilutions gave a much more proportional result (see Table III ). Linearity of dilution was maintained only in samples that showed no initial increase on two-fold dilution. (iii) Comparison between the standard assay method and an equivalent procedure: serum samples that had been pre-mixed with buffer prior to addition gave, on average, 71.8 + 4.8% higher readings than those added sequentially using the standard procedure (see Table IV ). (iv) Stability of AMH during storage: AMH levels in samples stored at 2208C showed an average increase of 22.5 + 11.1% over 5 days compared with fresh values, while those samples stored at 2808C showed no change (1.8 + 3.1%) (see Table V ).
Discussion
This publication arose from two, initially separate, pieces of work in the Clinical IVF Unit at St Mary's Hospital and in the Specialist Assay Laboratory at Central Manchester Foundation Trust. The IVF Unit had become concerned with their observed increase in variation in AMH values and consequently with the reliability of their AMHtailored treatment guidance. The Laboratory wished to establish whether the practice of sending samples in the post (which has been adopted by many laboratories, rather than frozen as specified by Beckman) was viable. observed in clinical practice might be explained by a marked degree of sample instability seen in the Laboratory which had not previously been reported and which may, or may not, have been an issue with previous AMH assays. The data contained in this paper represent the largest retrospective study on the variability of the DSL assay and the first study on the variability of the Gen II assay. Early studies reported insignificant variation between repeated AMH measurements, suggesting that a single AMH measurement may be sufficient in the assessment of ovarian reserve (La Marca et al., 2006; Tsepelidis et al., 2007) . However, these recommendations have been challenged by a number of groups (Lahlou et al., 2006; Wunder et al., 2008; Rustamov et al., 2011) . The current study in a large cohort of patients has demonstrated substantial sample-to-sample variation in AMH levels using the DSL assay and an even larger variability using the Gen II assay. We suggest that this variability may be due to sample instability related to specimen processing given that (i) AMH is produced non-cyclically and true biological variation is believed to be small (Fanchin et al., 2005; van Disseldorp et al., 2010) and (ii) the intra-and inter-assay variation in our laboratory for both the DSL and Gen II assays is small (,5.0%) suggesting that the observed variation is not due to poor analytical technique.
The population data presented in this paper also suggests that, in routine clinical use, the Gen II assay provides AMH results which are 20-40% lower than those measured using the DSL assay. This is in contrast to validation studies for the Gen II assay which showed that this assay gave AMH values 40% higher than those found with the DSL assay (Kumar et al., 2010; Preissner et al., 2010; Wallace et al., 2011) .
All samples in this retrospective study were subject to the same handling procedures, and were analyzed by the same laboratory; the two populations were comparable, with the same local referral criteria for investigation of infertility. We are unaware of any other alterations in practice, which might produce such a large effect on AMH, but we cannot rule out the possibility of other changes in the population being assayed that were contemporaneous with the assay change. However, any such change would have had to produce a 50% decrease in observed AMH levels to explain our findings. We did note a weak trend towards decreasing AMH over calendar time; assuming a linear trend in the analysis implies that AMH values might be 12% (2-22%) lower when the Gen II assay was being used compared with the Gen I assay. This suggests that the age-adjusted analysis of repeat samples on individuals, showing a 21% decrease in AMH with the Gen II assay, is currently the best estimate of the assay difference. This is the first study to compare AMH assays in a routine clinical setting in a large group of subjects, and as such is likely to reflect the true nature of the relationship between AMH measured by two different ELISA kits and avoids some of the issues in other published studies. Previous laboratory studies have compared AMH assays in aliquots from the same sample which only provides data on the withinsample relationship between the two assays (Kumar et al., 2010; Preissner et al., 2010; Wallace et al., 2011) . Although it is difficult to give a definitive explanation for the discrepancy between the previously published studies (on within-sample relationships) and this study (on between-sample relationships), we suggest that it may be due to degradation of the specimen in one (or both) of the assays. If AMH in serum is unstable under certain storage and handling conditions, this might result in differing values being generated because of differential sensitivity of the two assays to degradation products. Unfortunately, we cannot suggest which step of sample handling might have caused this discrepancy, since the published studies did not provide detailed information.
The present study used samples which were frozen very soon after phlebotomy and analysed shortly thereafter, hopefully minimizing storage effects. The most striking change followed incubation over a period of 7 days at RT; this showed a substantial increase in AMH A ¼ 20 ml of serum added directly to the plate followed by 100 ml assay buffer. B ¼ 60 ml of serum + 300 ml assay buffer mixed and incubated at RT for 10 min; 120 ml of mixture added to the plate. levels, rather than the expected decline. Previously, Kumar et al. (2010) had shown that the average variation between fresh serum samples and those stored for 7 days was found to be 4% at 2 -88C and ,1% at 2208C but presented no data on RT stability. Zhao et al. (2007) reported that AMH values were likely to differ by ,20% in samples incubated at RT for 2 days compared with those frozen immediately.
Several supplementary experiments were performed in order to investigate this observed increase in AMH when samples were incubated at RT. These included (i) addition of the detergent Tween-20 to assay buffer to disclose potential antibody-binding sites on the AMH molecule and (ii) the removal of heterophilic antibodies from serum using PEG precipitation or heterophilic blocking tubes. None of these approaches affected AMH levels significantly (results not shown).
Examination of the data presented here shows that, in some samples, AMH levels tend towards twice those expected, while results greater than that only occur in two outliers found in Fig. 2 . The AMH molecule is made up of two identical 72 kDA monomers which are covalently bound (Wilson et al., 1993; di Clemente et al., 2010) . During cytoplasmic transit, each monomer is cleaved to generate 110-kDa N-terminal and 25-kDa C-terminal homodimers, which remain associated in a non-covalent complex. The C-terminal homodimer binds to the receptor but, in contrast to other TGF-b superfamily members, AMH is thought to require the N-terminal domain to potentiate this binding to achieve full bioactivity of the C-terminal domain. After activation of the receptor, the N-terminal homodimer is released (Wilson et al., 1993) . One possible explanation for our findings is that the N-and C-terminal homodimers dissociate gradually under certain storage conditions and that either the two resulting Nand C-terminal components bind to the ELISA plate or a second binding site on the antigen is exposed by the dissociation, effectively doubling the concentration of AMH. It has been shown (di Clemente et al., 2010) that no dissociation occurs once the complex is bound to immobilized AMH antibodies. The observation that, in some of our samples, there was no change after 1 week at RT might be explained by the supposition that in those samples AMH is already fully dissociated. A mixture of dissociated and complex forms in the same sample would, therefore, account for the observed recoveries between 100 and 200% in the experiments presented in this paper. Rapid sample processing and storage of the resulting serum in a different tube type at 2808C might slow down this breakdown process.
The change in ionic strength or pH that occurs on dilution also seems to have the same effect in increasing apparent AMH levels and again may be due to dissociation or exposure of a second binding site. Our results contradict those reported by Kumar et al. (2010) who showed that serum samples in the range of 36 -93 pmol/l of AMH when diluted in Gen II sample diluent showed linear results across the dynamic range of the assay with average recoveries on dilution close to 100%. This might be explained if Kumar's samples were already dissociated before dilution. Linearity is one of the cornerstones of assay validation and it is essential that a proportional response is obtained on dilution of sample, but our results do not seem to support this.
These findings have significant clinical relevance, given the widespread use of AMH as the primary tool for assessment of ovarian reserve and as a marker for tailoring the dose of gonadotrophins in cycles of IVF/ICSI. As no guideline studies have been published using the new Gen II assay, some ART centres have adopted modified treatment 'cut-off levels' for ovarian stimulation programmes based on the old DSL assay-based 'cut-off levels' multiplied by a conversion factor of 1.4 (Nelson et al., 2007; Nelson et al., 2009; Wallace et al., 2011) . The data presented in this paper suggest that this approach could result in patients being allocated to the wrong ovarian reserve group. Poor performance of the Gen II assay in terms of sample-to-sample variability (up to 59%) could also lead to unreliable allocation to treatment protocols. It is a matter of some urgency, therefore, that any possible anomalies in the estimation of AMH using the Gen II assay be thoroughly investigated and that this work should be repeated in other centres.
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